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ABSTRACT 
A new app, freely available for Windows computers, has been developed to simulate tuning of an 
inductively coupled plasma – mass spectrometer, based upon optimization data collected using a 
sector-field instrument.  The app allows students to adjust parameters, including the torch position, 
gas flows, radio-frequency power and guard electrode state, whilst observing the signal for three 
‘measured’ variables in real time.  The app has been used with a group of second-year undergraduate 
students to supplement theoretical material taught on an Atomic Spectrometry lecture course.  The 
exercise familiarized students with key components of the instrument and demonstrated how multiple 
factors may need to be balanced when performing optimization. 
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INTRODUCTION 
In recent years there has been a rise in the use of simulated analytical experiments to support 
undergraduate learning.1  Examples include packages to simulate voltammetry experiments,2 generate 
electrophoresis and tandem mass spectrometry data,3 and optimize chromatographic separations.4 
The use of these virtual environments enables students to familiarize themselves with laboratory 
equipment prior to practical sessions or to experience techniques that would otherwise be too 
expensive or impractical to perform at undergraduate level. 
Inductively coupled plasma mass spectrometry (ICP-MS) is a highly sensitive form of mass 
spectrometry that is used to measure elements, rather than molecules.  The technique is popular in 
industrial analysis, has been widely used in clinical, nutritional and environmental measurements,5,6 
and consequently features in many Analytical Chemistry courses.  However, due to the high purchase 
and running costs of the instrumentation, practical experience of ICP-MS at undergraduate level is 
often limited.7  In order to utilize instrumentation time effectively, the ICP-MS systems in teaching 
laboratories are often tuned by laboratory staff in advance of practical sessions and samples may need 
to be collected from students and run later as a batch.8  This “sample in – results out” approach could 
contribute to misconceptions about the need to tune instruments and optimize methods prior to 
analysis.9   Thus, virtual environments could be useful tools to bridge this potential gap in 
understanding. 
Here, the development of a novel tuning app, the “ICP-MS TuneSim”, is presented.  The app 
provides a virtual environment for students to tune a sector-field ICP-MS and to explore how issues 
with instrumental setup could influence the experimental error.  The app was developed to 
complement theoretical material taught at Loughborough University and has been used during an 
interactive workshop exercise with a group of second year undergraduate students. 
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DEVELOPMENT OF AN ICP-MS TUNING SIMULATOR 
Figure 1. The ICP-MS TuneSim user interface, showing the torch position pop-up control window.  The top section of the display window 
shows the signals for In, U and UO in real time, whilst the lower display shows the trend in In signal, U/In ratio and uranium oxide ratio over 
the course of the tuning session. 
Basic Function of the Simulator 
The ICP-MS TuneSim app was created using the LiveCode development environment,10 with the 
add-on ChartMaker library11 installed.  It required approximately 2500 lines of code and went through 
6 versions (10 builds), with an estimated development effort of two man-weeks, before being released 
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to students.  The final version of the executable program can be freely downloaded (see Supporting 
Information). 
The app is loosely based upon a common tuning method used with the Thermo Element XR, 
whereby a solution containing 1 ppb of indium and uranium is aspirated into the argon plasma by 
pneumatic nebulization.  The app’s user interface, shown in Figure 1, enables adjustment of common 
ICP-MS tuning parameters: the sample gas flow rate, torch x,y and z position, RF power and guard 
electrode status.  A simulated signal response for indium, uranium and uranium oxide is then 
displayed in real time in the upper window, whilst the trend in indium signal, uranium/indium 
balance and uranium oxide ratio over the session is displayed in the lower panel.  The objective of the 
exercise is to obtain the highest possible signal for indium, whilst ensuring that the uranium/indium 
balance is kept at typical levels and that the uranium oxide ratio does not exceed 5%.  In many 
laboratories, a lighter element, such as 7Li, is studied in addition to 115In and 238U.  In this simulation, 
measurement of the lighter element has been replaced with 238U16O in order to promote student 
awareness of polyatomic interferences.  A plain text control file provided with the app enables 
instructors to enable/disable each of the tuning parameters and to set their adjustable range, 
incremental steps and default values.  This file also controls the format of the student ID number that 
is entered by students at the start of the tuning session, the watermark that is embedded into their 
result output, and certain visual aspects of the software (see Supporting Information). 
The exercise is intended to develop student understanding of how multiple factors may need to be 
balanced when tuning an analytical instrument i.e. the parameters giving rise to the highest indium 
signal may not necessarily be regarded as the optimum.  Measurement of the uranium/indium ratio is 
designed to encourage exploration of mass bias in ICP-MS, whilst measurement of the uranium oxide 
ratio supports understanding of the problem of polyatomic interferences.  Exploration of these 
concepts can be specifically prompted through a series of questions provided on a supporting handout 
(see Supporting Information).  Completion of the tuning exercise also familiarizes the user with basic 
inductively coupled plasma hardware, through exploration of the parameters in the software and 
through interaction with the schematics and supporting information provided in the integrated help 
file. 
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Generation of the Simulated Response 
The app uses text files, which are loaded at the start of the session, to control the response to user 
adjustment of the tuning variables.  Default files are provided with the app, but they can also be 
customized by the user to enable different signal responses to be recorded.  These files contain 
matrices of scaled numbers for each variable, which are multiplied together using equation 1 to give 
the resulting output signal level. 
 =
(×		×	×)

±  (1) 
where r is the signal output response in counts per second (cps), Smax is the signal intensity at the 
optimum conditions in cps, and a, b and c are scaled factors with values between 0 (no signal) and 1 
(optimum).  Factor a relates to the argon sample gas flow rate, b relates to the torch x and y position and 
c relates to the torch z position and RF power.  GE is the status of the guard electrode, which has a value 
of 1 when switched on and a default value of 4 (customizable) when turned off, in order to demonstrate 
the higher ion transmission possible with this feature active.12  The fluctuation factor, fluc, is a 
generated random number between -3% and +3% of the signal, which is refreshed every second to 
simulate a typical real-time fluctuation in the instrument response. 
In order to approximate a real ICP-MS instrument, the default text files are based upon data 
collected on an Element XR (Thermo Fisher Scientific).  A solution containing 1 ppb of indium and 
uranium was continuously aspirated using a standard concentric nebuliser and glass cyclonic spray 
chamber (Glass Expansion).  Firstly, the system was tuned to achieve high sensitivity and <5% oxides, 
according to conventional tuning methodology.  The signals for 115In, 238U and 238U16O were recorded at 
the tuned conditions to give smax for each analyte.  In order to determine the scaled values for factors a, b 
and c, a series of optimization experiments were performed.  The argon sample gas flow rate was varied 
between 0.2 and 1.3 L/min at 0.1 L/min intervals.  A Gaussian curve was fitted to the data using IGOR 
Pro (Wavemetrics) and the data was subsequently interpolated to provide values at 0.01 L/min intervals. 
These numbers were then normalized to smax, such that the optimum flow rate had a value equivalent to 
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1. To account for possible interaction effects between some variables, two-factor central composite
experimental designs were used to generate the matrices for the torch x and y position and for the torch 
z position and RF power, as shown in Table 1 and Table 2.  The RF power and torch z position were 
grouped in this way due to reported effects of RF power increases on the plasma size and position,13 
which may impact upon the optimum distance between the torch and the cones.  The resulting data was 
loaded into D Plot graphics software (Hyde Soft Computing) to generate 2D response surfaces for each 
analyte.  An example response surface is shown in Figure 2.  The interpolated and normalized points 
were then extracted into the text files as 2D matrices for use in the app. 
Table 1. Central composite experimental 
design for optimization of the torch x and y 
position.
Ref x-pos/mm y-pos/ mm
1 0 4.5
2 -3.2 3.2 
3 4.5 0 
4 3.2 -3.2
5 3.2 3.2 
6 0 0 
7 0 -4.5
8 -4.5 0
9 -3.2 -3.2
Table 2. Central composite experimental 
design for optimization of the torch z 
position and RF power.
Ref RF/W z-pos/ mm
1 1100 2.5
2 960 1.8 
3 1300 0 
4 1240 -1.8
5 1240 1.8 
6 1100 0 
7 1100 -2.5
8 900 0
9 960 -1.8
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Figure 2. Response surface showing effect of the torch x and y positions on the measured signal for 
115
In.  Data has been normalized to the 
optimum signal, such that the optimum value in the graph is equivalent to 1. 
USE OF THE SIMULATOR WITH STUDENTS 
The app was used with a group of 64 undergraduate students, as part of a workshop on ICP-MS 
optimization.  Prior to the workshop the students had attended lectures on the theory of ICP-MS 
instrumentation and the common problems associated with it, but they had no previous practical 
experience of using the technique.  The workshop was not a credit bearing component of the module, 
but participants were given the option of submitting their results at the end of the exercise in order to 
obtain formative feedback.  Thirty seven of the 64 students opted to submit their results.  Of this 
group, the average signal obtained for indium was 1.29 x 106 cps ± 5.8 x 105 cps (SD), the average 
uranium oxide ratio was 3.98% ± 0.89% (SD) and the average time taken to complete the tuning 
process was 19 minutes.  It was apparent that opinions on what constitutes tuned conditions differed 
widely across the cohort, which is unsurprising given the subjectivity involved in balancing multiple 
factors.  At the start of the session the students were advised that the factory specification for the 
instrument was 1 million cps per ppb of indium and that the oxide ratio should be no higher than 5%. 
Despite this, it was theoretically possible to achieve a signal of up to 1.95 million cps for indium, 
whilst still keeping the oxide ratio at an acceptable level.  Seventy six percent of students managed to 
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achieve the factory specification or above.  The majority of students were happy to submit their results 
once they had reached this value, but a few students continued on to achieve the true maximum. 
In addition to the commonly tuned parameters, slider controls to enable cool and auxiliary gas 
adjustment were also unlocked.  Students were advised in the instructions that these settings are not 
routinely tuned and that changes to the balance of these flows could lead to damage to the 
instrument.  Adjustment of either of these two settings resulted in a pop-up that informed the user 
that they had melted the quartz ICP torch and offered a choice of either “panic” or “replace torch and 
continue”.  This feature was deliberately light-hearted and caused some amusement amongst the 
fourteen users who melted part of their virtual instrument.  However, it highlights an additional 
advantage that virtual environments may provide for experiments involving complex instrumentation, 
in terms of minimizing the chance of equipment damage. 
Following the exercise, participants were given the option of completing an anonymous 
questionnaire, which aimed to assess whether the exercise had contributed to their understanding of 
the topic.  Around 40% of students chose to complete the questionnaire and their combined responses 
are summarized in Figure 3.  Reaction to the app was broadly positive amongst respondees, with no 
negative responses received to the statement “I enjoyed the workshop”.  A clear majority of students 
(75%) agreed that the workshop had increased their understanding of tuning, but the number of 
positive responses was lower for increased knowledge of ICP-MS in general (56%).  This is not 
surprising because the fundamental ICP-MS concepts had been covered in lectures prior to use of the 
TuneSim app.  Whilst a slight majority preferred learning the material through a practical exercise, it 
is apparent that lectures are still popular with a proportion of students. 
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Figure 3. Feedback from an anonymous questionnaire.  Student opinions (n=24) on the TuneSim workshop are displayed as percentages of 
students who responded strongly agree, agree, neutral, disagree or strongly disagree to the corresponding statements about the exercise. 
CONCLUSION 
The simulation package successfully approximates the tuning response of an ICP-MS instrument 
based upon experimentally acquired optimization data.  The interaction of tuning variables was 
partially accounted for by using multi-factor experimental designs between the torch x and y positions 
and between the RF power and torch z position.  For coding purposes, it was practical to handle the 
sample gas as a separate, non-interacting variable.  However, it should be noted that the sample gas 
flow rate will impact upon the size and shape of the plasma, hence in practice some interaction effects 
with the RF power and torch z position may be observed.14  Since this effect far exceeds the level of 
knowledge required for undergraduate Chemists, the current model was considered a realistic 
simulation for teaching. 
Here the app was used in a workshop, rather than a laboratory environment and it was broadly 
positively received by the small group surveyed.  However, there are some examples in the literature 
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where ICP-MS has been used to perform analyses in practical undergraduate experiments.15-17    In 
these situations it is usually in the interests of time for tuning to be performed just once during the 
laboratory session, often as part of a demonstration by a teaching assistant.15,16  The app could 
potentially support these existing experiments in a pre-laboratory capacity to ensure that students do 
not miss out on independent experience of tuning instruments.  Students could bring their print out 
from the simulated instrument along to the session with them to prove engagement with the pre-
laboratory exercise.  Alternatively, for institutions that do not have an ICP-MS in their undergraduate 
laboratories, the workshop-style format used here could be adapted further to simulate a full 
laboratory experiment.  For instance, a bank of data sets could be created for the analysis of a 
particular analyte, with the quality of the data set provided to the student dependent on the quality of 
their prior tuning.  This could prompt further discussion and understanding regarding the importance 
of tuning in ICP-MS. 
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10.1021/acs.jchemed.XXXXXXX. [ACS will fill this in.] Example brief descriptions with file formats 
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Customization of the Tune Simulator (PDF) 
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